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ABSTRACT

Input shaping technique can successfully suppresssislual
vibration in slew maneuvers of flexible systems.isTpaper
studies transient structural deflections of flegilshtellite during
attitude maneuvers controlled using input shapée Satellite
consists of a rigid main body and two symmetri¢exible solar
panels. The equations of motion of the satellitederived using
Lagrange’s formulation, and elastic motions of it structures
are discretized following the finite element methdtie attitude
maneuvers are equipped with on-off constant angsitinputs.
For fast maneuver, the satellite has poor accumter the
maneuver. To resolve this issue, input shaper igliep to
maneuver the satellite. Various fuel-efficient stdpnputs are
studied in order to conclude the relation of ingltape and
transient maximum deflection resulted.
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LIST OF SYMBOLS

Translational Displacement of Main Body
Displacement Vector of Flexible Substructures
Rotational Displacement of Main Body

Roll Angle

Pitch Angle

Yaw Angle

AR SINOR=

Wy Angular Velocity of Satellite Orbit

m Total Mass of Satellite

| Total Inertia Matrix of Satellite

Q Coupling Matrix between Translational and Rotadio
Motions of Main Body

W Coupling Matrix between Translational Motion of Ma
Body and Flexible Substructures Displacement

A Coupling Matrix between Rotational Motion of Main
Body and Flexible Substructures Displacement

M Mass Matrix of Flexible Substructures

K Stiffness Matrix of Flexible Substructures

ALt Amplitudes and Time Locations of Input Shaper

Fu, Ty Control Forces and Torques Acting on Main Body

Fa External Forces and Torques Acting on Flexible
Substructures

f Number of Degrees of Freedom of Flexible

Substructures

1.0INTRODUCTION

A satellite or satellite in operation needs cer@iguracies in its
attitude. To keep the orientation, the satellitertyits operation
in space requires frequent corrections of its watét Attitude
maneuver of rigid satellite can be done withoubtaoff vibration

problems after reaching its desired attitude. Hoe flexible

satellite maneuvering the attitude without regaod system
flexibility or without controls on the flexible mdrers, large
amplitude transient and steady state oscillatioresy mccur,
especially when the system is equipped with oni@. Such a
system often needs a rest-to-rest attitude manewitbr small

vibration both during and at the end of the maneuveor

example, it may be necessary to generate a tortpfiepsuch

that the satellite is rotated through a desiredudt angle, while
the deflections of flexible members remain smalbtighout the
maneuver and go to zero at the end of the maneuver.
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To minimize modal vibration in a flexible satelligystem,
which is equipped with on-off reaction jets, thguh shaping
methods have been developed [1]. Parman and Kod@e®j
demonstrate an application of shaped commands teumar
attitudes of a flexible satellite with a large nwentof flexible
modes. They show that the resultant vibrations lwarreduced
drastically when the satellite is subjected to sllapnputs
suppressing the vibration at the frequency witlgdat vibration
amplitude. However, the structural deflectionsiaf satellite are
still large enough.

To resolve large transient deflection during thenewver
using input shaper, several researchers formulatealytical
approximation to be included in the input shapingstraints [7-
8]. They used a simple model of two masses condewtth a
spring and selected a simple configuration of irghape. For this
kind of study, the analytical formulation of thepirt constraints
can be easily defined. When the system is havilog af flexible
modes, such as finite element model of flexibleeltit,
analytical equations in limiting deflections of Xlble members
become very complicated and impossible to be foatedl

This paper
maneuvers of a satellite with flexible solar pareisiipped with
constant-amplitude thrusters. The finite elemendehof satellite
developed by Parman [2, 4-5] is used. The studestigates a
condition of the satellite where offset angle of #olar panels is
30°. For this setting angle, there is a couplingiombetween roll
and yaw displacements of the satellite. The prokdepearing in
fast maneuver of the satellite under constant-aog#i input is
introduced first. Then, fuel-efficient input shapere applied to
overcome the issue. Various results of shaped iapusimulated
and compared to study the influence of fuellingspuiuration to
the solar panel’s deflection during transient resgo

20 A SATELLITE WITH SYMMETRICAL

FLEXIBLE SOLAR PANELS

The particular satellite investigated in this studya satellite
consisting a main body and two symmetrical solanetg as
shown in Fig. 1. The main body is a rigid cuboid. i@entify the
satellite attitude relative to an inertial frafRgO,X;Y;Z), a main

body fixed frameF,(O,X,YpZy) is defined. The solar panels are

large and long in sizes and they are supposed esbli

structures. To discretize elastic deformationshaf panels, the
finite element method (FEM) is used. For this aggtlon, each
solar panel is divided into 32 rectangular bengitede elements.
The elements on the right side are numbered fram16 and on

the left side from 17 to 32, while their nodal pgsiare numbered

from 1 to 27 and from 28 to 54. Substructure refeeeframes

Fi(OXYZ)( =1, 2, ---, 32) are defined to measure displagtame
of their nodes. Th¥-axes=1, 2, ---, 16) of the right side panel
are parallel to th&-axis, while theYj-axes [ = 17, 18, ---, 32) of
the left side are anti-parallel. All;-axes are normal to their

panels. The origin of the main body fixed fra@gis placed on
the mid-point of the longitudinal axis of the solganels. The
solar panels are oriented towards the sun, andetiiation with
respect to th&,-axis is identified by the offset angfe

presents computer simulations of atitud

Figure 1: The finite element model of flexible ditie

The attitude angles of the satellite are expresse@ryant’s
angles: roll angleg pitch angleg, and yaw angley, where the
definition of these angles can be seen in Fig.n2this figure,
Fo(X,YoZ) is the satellite orbital frame.
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Figure 2: The rotations from observation referefreene F, to
main body-fixed reference frankg

X

2.1 Mathematical Model of Flexible Satellite Dynamics

In this study, equations of motion of general graariented and
non-spinning flexible satellite dynamics are dedivasing a
Lagrange’s formulation following the works of Pammg, 4-5].
For this purpose, the expressions of kinetic enengy potential
energy for the whole satellite need to be deterdhifirst. Since
the satellite considered consists of the rigid mazidy and two
flexible solar panels, the kinetic energy and piétrenergy of
the satellite can be formulated by observing tiggdrbody and
flexible solar panels separately. After that, thtalt satellite
kinetic and potential energies can be defined byrsing the
resulted kinetic and potential energies at above.

2.1.1Kinetic energy.

The kinetic energy of the rigid main body of théefide can be
written in the following form:

_ 1.7 1 7 1.1
Epp = ST pEipmy + 2 0p 1,05 + 51, Qpwp,; @

wherer;y, is a vector fronQ; to O, (see Fig. 3) with the overdot,
() indicating its differentiation with respect time relative td;,
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oy, is the angular velocity vector &, relative toF;, m, is the
total mass of the main bodl, is the inertia matrix of the body
relative toO,, andQy, is the coupling matrix between translational
and rotational displacements of the main bodyOJfcoincides
with the center of mass of the main body, the vai.l®, equals
zero.

The kinetic energy of flexible solar panels canwréten in
the following form:

Exa = 5ttipma + 5 d7Md + 2 0] 1,0, + o] Ad +

f'inWd + 1/, Qawp 2

whered is the displacement vector of flexible solar panet, is
the mass of solar paneM,= Y.)_, P M;P; is their mass matrix,
andl, = ¥}, T" I;T; is their inertia matrix with respect 10y,

J
The coupling matriced = ), T" A;P; andW = Y}_, T/ W;P;

j=17
relate the main body rotational and translationiapldcements,
respectively, to the solar panel displacements, levlQ =
Y, TT Q;T; is the coupling matrix between the translatiomal a
rotational displacements of the main body conteduby the
undeform-state solar panels. In these matridds,the number of
elements of flexible solar. For thigh element, T; is the
transformation matrix fronfr, to Fj, Pj is the assembling matrix
relating the element displacement vedpand the displacement
vector of flexible solar paneld in the form ofdj = P, d, M; =
Ji CG' G dm is the mass  matrix,

Aj = "f*b,owj +fm,- "f*o,po C;dm are the coupling matrices

between rotational and translational displacemefitthe main
body respectively and the element displacemerQg,=

fm,»( jf'b_0+ jf'[,,po)Tdm is the coupling matrix for the
translational and rotational displacements of thainmbody
contributed by the undeform-state element, adgd=

fm,-( jf‘,,_o + jf'[,,po)T( jf,,_o + jfo_po)dm is the element inertia

matrix with respect t@,. C; is the element shape function matrix,
'rpoand’r, 0 are vectors fron®, to O; and fromQ; to a particlep
with massdm of the element in the undeform state respectively
expressed ifr;, while a general notation of (~) means the skew
symmetric matrix of a prescribed vector.

X

i

Figure 3: Position vectors froR(XY;Z) to a particle

2.1.2 Potential Energy

The potential energy of the satellite consists lé potential
energy of its undeform state and the potential gnetue to
elastic deformations of flexible solar panels. Pogential energy
of the undeform state, in this study, is measusgdtive to the
earth. When the satellite orbit is circular, it denexpressed as

Eo =Ep (rip) (3)

The potential energy due to elastic deformatiorthkéssum of the
strain energy of flexible substructures and theepil energy
due to external forces acting on the substructwiés a minus
sign. By following the general finite element medhmrocedures,
the potential energy due to the elastic deformatiof flexible

solar panels can be written in the following form:

En=%d Kd+d'F, (4)

whereK = ¥)_, P/ K;P; is the stiffness matrix of the solar panels

andF, = }"zleTf]- is the discrete external forces vector acting

on the solar panels. For th elementf; = fV. CjT FedV is the
J

discrete external forces vector acting on the noaledK; =

5, C/ B/R;B;C;dV is the stiffness matrixF is a distributed

external forces vector working on the elemdjtjs an operator
matrix containing first or second order derivatmeerators, and
R; is an elasticity matrix of elemejt

2.1.3 Full mode equations of motion of flexible satellite

To derive the equations of motion by following Laggian
procedure, the Lagrangian operatior= E. - E,, and Lagrange’s

. . d (0L dL as
equations of mOt'OnE(a_q)_ﬂ‘F__F are used. In these

aq
expressionsy, = E,+Ey is the satellite total kinetic enerdy, =
Ena +Ey is the satellite total potential energy,is the satellite
general displacement vectoF, is the general external forces
vector working on the satellite§ = ;qTDq is the satellite
Rayleigh’s dissipation, wher® is the satellite damping matrix.
Then, it is considered that control (external) &r@acting on the
rigid main body of the satellite are much largeartithe forces
resulting from the potential energy of the undefostate. For
simplicity, ay,; and r;, then will be written asw andr only,
respectively, in this paper.

By using Egs. (1)-(4), the equations of motionta# satellite
can then be linearized and written as follows:

mUz Q W][F] |0z Q@y O |[F 03 Fy
QT | A O+ Oyg Ia)o O3xf O+ 03 = Tb (5)
W' AT M|ld] |04 ATGy D [ld] |Kd| |Fa

In Eqg. (5), m is the total mass of the satellit®, is the total
coupling matrix for the translational and rotatibdsplacements
of the rigid main bodyW is the total coupling matrix for the
translational displacements of the rigid main boayd the
displacements of flexible solar pandlss the total inertia matrix,

A is the total coupling matrix for the rotationakgiacements of
the rigid main body and the displacements of flexikolar
panels. TheM, D andK are the mass, damping and stiffness

matrices of the flexible solar panels, respectiv@lye @y is the
skew symmetric matrix of angular velocity of theedite orbit
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oy, r is the translational displacement of the rigid maody,© is

the rotational displacement of the rigid main bodhich is

expressed in a vector of Bryant's angles, addis the

displacements of the flexible solar panélsandT, are external
forces and torques vectors acting on the rigid rbaily,F, is the

vector of external forces and torques acting onsthlar panels,
while f is the total number of degrees of freedom of thlars
panels. In this paper, the flexible structural gsbsms are
supposed to have no dissipation properties, sdtt.

2.2 Solar Panelsasa Callection of Rectangular Plate Elements

The equations of motion of general satellite hagerbformed
in Eq. (5). To use this equation, the mass anthesé matrices
need to be evaluated for a particular flexible suloture
discretization. In this paper, the attitude of thgpothetical
satellite is chosen as follows: tl#g-axis should point to the

centre of earth, th¥,-axis is normal to the orbital plane, and the

X,-axis should point to the satellite linear veloaithien there are

no attitude errors. For the application of finitereent method to

discretize elastic deformations of solar panelg fbllowing

idealizations are used:

(a8 The solar panels are divided into rectangilar plate
bending elements.

(b) Each element has a uniform mass density.

(c) Only out-of-plane deformations of solar
considered.

(d) External loads (both forces and torques) @ndblar panels
are assumed to work on the nodal points of the ei¢sn

(e) TheY,-axes of elements and tiYg-axis of main body frame
are parallel or antiparallel (see Fig. 1). TReaxes andy;-
axes of elements are in the panel plane, and Zheixes are
normal to the plane.

panetse

By using the above idealizations, each elemenblair panel
has 12 degrees of freedom in total, as shown by4-iglso, the
material of solar panels are assumed as isotropienals. For an
isotropic plateR; can be written as

1 v 0
—_E* v 1 0
Rj T 12(1-v2) 0 0 1-v (6)

2

where E, ¢ and v are the Young's modulus, thickness, and

Poisson’s ratio of-th element, respectively.

Figure 4: A rectangular plate element model of spinel with
out-of-plane displacement.

The shape function matrix introduced by Bogner [9]
selected. This shape function matrix can guaranteat
deflections and slopes are all continuous on thgeedf the
element, and its expression for jhh element is as follows:

[(1+ 291 — &1 +2n)(1 —7)*]
(14291 = (1 —n)*b
—£(1 — £2(1 + 2n)(1 — n)a
(1+29)1 - &G — 2
—(1+29)1 = *(1 — b

: —£(1 -G - 2pnta

K (G —26¢G - 2P
—(3 =201 — b
(1-9E@ - 2nn*a

(3 — 26821 + 21 — )’
(G =291 —n)*b

(1 -9+ 21 —n)*a

()

wherea andb are the length and width of element, respectively,
< (é=xa) <1, and 0< (17 = y/b) < 1. For this shape function
matrix, the coupling matriAj can be obtained as follows:

6yo, + %b —6x9; — %u 0]

byo, + %/)3 — %ab 0
—ayo, — %(l/} axo; + %(1: 0
—6x9; — %(z 0
by, + %uh 0

71).1’0]

R

GJIOJ e '?1[)

—byo, — :%h:
i 2 v 1

—ayo; — 15ab axo, +3a* 0

T _ pabe
—6x, — :?1(1 0 ®)

724

6]/01 S %[}

—byo, — %hz bxo, + 15ab 0

7 . 3.2
ayo, + j5ab —awo; — za* 0

9 . 21
6yo; + gb —6x9, — 5a 0
212 7
byo, + 50> —bxo; — 15ab 0
ayo; + ﬁub —axo; — 24?0

wherexg andyy; are the components bfb,o for thej-th element
along itsX; andY;-axes, respectively (see Figs. 1 and@is the
mass density, while the inertia mattjcan be written as follows:

Ly iy sy
Ij =pabc Ijz1 1f22 Ij32 (9)
sy iy iy
where
Ly, =4, + 156 + 10 + yo,b,
Ijy = 4%(%”{’ + Yo,a + "'“11’) — Lo, Yo,
Iy, =1, =0,
2 1 2 1 2
I, =z + B¢+ 307 + xo;a,

j

.

Ly, = xy, + ,1/(2., + %((11 - /):) + o, a + yo, b,
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o
and the coupling matrix for rotational displacenseot the main Description Values
body and the displacements of elemégntan be written as Number of solar panels 2
follows: Dimension of each solar panel{m 12x2.4x0.03
00000 0000000 Young's modulusE (N/m?) 0.6x16
jzp::c 00000 00O0O000O0 O (10) Poisson rat_lov 0.3
6 b—a 6 —b-a 6-bat6 b a Massdensnyp(kg/n?) 120
Number of elements in each solar pangl 16
Dimension of each elemertx a xc, n* | 1.5x 1.2 x 0.03
Offset angle(degrees) 30
3.0 PROBLEM IN FAST ATTITUDE MANEUVERS Distance between panel's root é€0p, m | 1.80

USING CONSTANT-AMPLITUDE INPUTS

In this study, it is supposed that the satellite ha control and no
damping properties on the flexible solar panele Tbntrol inputs
for attitude maneuvers are only torques appliethto satellite’s

rigid main body, as results of on-off reaction jefghe thruster in
constant amplitude. For such a system, the attitadgle

acceleration of satellite as a rigid body motion be written as

-1

¢ ) e by el |Th, 11)
6r=|ly ly ly| 1T,
g I><z Iyz Izz sz

where Ly, |y, 1z 1y, 1w andly, are components of the inertia
matrix | of the whole satellite, and,, T, and T, are
components of the torque input vectgron the rigid main body.
Integrating Eq. (11) with respect to time resulte tdesired
attitude angle velocity,

@) [l by le| [T, 12)
gd =.[ Ixy |yy Iyz Tby dt
[//d Ixz Iyz Izz sz

and integrating once more gives a desired roll@dgiplacement,

% Ixx Ixy I><z ) Tbx
gd :_” Ixy |yy Iyz Tby dtdt
Yy Ixz Iyz Izz Tb

(13)

z

In the simulations, the main body of satellite igpfgosed to
consist of six lumped masses at certain positiatisngspect to the
satellite’s center of mass. Values and positionsthef lumped
masses are listed in Table 1. Table 2 mentionsnpaess of
satellite’s flexible solar panels used in the cotapsimulations.

Table 1: Lumped masses consisting of the rigid rbaity

Mass Position (m)

(kg) Xp Yo %
400 0.40 0.00 0.00
400 -0.40 0.00 0.00
500 0.00 0.50 0.00
500 0.00 -0.50 0.00
550 0.00 0.00 1.40
55(C 0.0 0.0C -1.4C

Table 2: Parameters of the solar panels of s&tellit

As the boundary condition for the model, the rooftsolar
panels are always in the straight lines. Therenaraleflections
for the panel’s roots from time to time. It meahattd,, d,, ds,
dog, dog anddzy —those are components dfin Eq. (5)- are all
zero. Be noted that components @fare measured in their
respective local reference frames. This boundandition is to
represent the real fact that the roots of paneks wsually
strengthened using the bars or frames, those kvety rigid,
and then connected to the rigid main body usinglvevjoints.

For this configuration, the origin of the rigid mabody fixed
reference frame coincides with the centre of mdsthe whole
satellite in the undeform statg, = 17,731 kg-r’n lw = 2,580
kg-nf, 1, =15,557kg- M l, =1, =0, andl,, = 43 kg- M. At initial
the satellite is at undeform condition, while thaimbody fixed
frame and the orbital reference frame coincide whith inertial
reference frame. The orbital franfe, rotates with respect to the
inertial frame F; in constant angular velocity

@ = -G i (14)
wherej; is the unit vector irY-axis direction,a, = 7.29 x 16
rad/s, so thaF, performs inF; one rotation per sidereal day (24
hours of sidereal time or 23 hours 56 minutes 46@%@conds of
mean solar time). The satellite is at rest conditiath attitude
angles of -3° in roll, 0° in pitch and 2° in yaw iaitial. The
attitude will be maneuvered to the nominal operetiattitude of
geostationary satellite, i.e. roll, pitch and yavgles are all 0°.

Then, it is supposed that the amplitude of torgaesll, pitch
and yaw directions resulted by satellite’s thrustes all 8 N-m.
The shortest time duration torques of a seriedtefreating-sign
constant-amplitude pulses to maneuver the satéltta one rest
to other rest conditions is a bang-bang in maximamplitude.
The bang-bang input for these maneuvers will be seguence
pulses in the alternating sign in the same widtindé¥ this
limitation of torque, the profile of bang-bang toss needed
consist of 21.528 seconds longTgf and 16.444 seconds long of
Ty, bang-bangs. The satellite is subjected to the lmamgs roll
and yaw torques simultaneously. Under these inplusroll and
yaw angles change to the desired angular displagsmehile
pitch angle is not disturbed. After the torques eveemoved the
roll and yaw angles still oscillate in large ampdies. The domi-
nant period for these oscillations is 18.7 secoifltits period is
relating to the satellite’s natural frequency resailin calculation
of 0.3354 rad/s. The total amplitude of residuailizion is more
than 3.6° for roll angle, as shown in Fig. 5(a)d amore than 1.4°
for yaw angle. The amplitudes of these residuatudi angle
oscillations are greater than the desired attitudegle
displacements. Such residual oscillations of coumse very
unacceptable for the precise-oriented satellite.tides attitude
angles oscillate, the solar panels also vibrate. [&hgest residual

- Published bynternational Society of Ocean, Mechanical and Apezescientists and engineers-



Journal of Ocean, Mechanical and Aerospace
-Science and Engineering-, Vol.24

October 30, 2015

vibrations on solar panels happen at their tipse Hode 25
experiences unlikely local vertical vibration witligh deflection
amplitude of 1.46 meters, as shown in Fig. 5(b)m@ared with
solar panel’s length of 12 m, this deflection i®atl2 %.

attitude angle (deg)

L
80 100 120

°

displacement of node 27

&

L
60 80 100 120
time (s)

(b)

Figure 5: Time responses under the bang-bang awdtgaue
inputs: (a) attitude angle displacement of the miaddy, (b)
vertical displacement of node 25 of solar panelsuezd in local
reference frame

4.0 FUEL-EFFICIENT INPUT SHAPER FOR
ATTITUDE MANEUVERS OF FLEXIBLE
SATELLITE

A suitable torque input to maneuver the flexibleeBiée into
the desired attitude angle with small or withowideal vibration
can be ‘shaped’. The method is referred to as ispaping. In
this method, amplitudes and time locations of tketmg input
are determined by solving a set of constraint egnst for
example:

(a) constraints on the impulse amplitudes,
(b) constraints on the rigid body motion,
(c) residual vibration constraints, and

(d) fuelling pulses duration.

The flexible satellite studied here is equippedhwan-off
reaction jets, so it cannot produce variable amghitactuation
thrust; the satellite must be maneuvered with @nisamplitude
torque pulses. For rest-to-rest maneuvers, thet imust contain
both positive and negative pulses so that the Igatelan be
accelerated and then decelerated back to zeroityeldt the
number of impulse in shaping the input is seleet®®, the series
of alternating-sign pulses for rest-to-rest fudleéént maneuver
can be generated by convolving a step with an ispaper of the
form [1]

AT JT -11 -1-11 -11 (15)
t] |t t, tg t, ts tg t; tg

In the fuel-efficient commands generated by equafitb),
the fuelling periods happen #tt,, t3-t4, ts-ts, andt;-tg; and the
non-fuelling period att>-ts, t4-t5 , andtg-t;. It means that the

command consists of two positive pulses and thecoiginued
with two negative pulses. However, it is selectédttthe
switching times from positive to negative pulses at the same
location, i.e. t,= t5 in this paper. Equation (15) becomes the first
constraint, i.e. the constraint on impulse ampésidEquations
(12)-(13) become the second constraints; in thidystthe desired
attitude angle velocity is {0 0 0}deg/s and the desired attitude
angle displacement is {3° 0° -Z°}The third constraint, the
residual vibration atv= 0.3354 rad/s, the natural frequency with
strongest vibration, is set to be smaller than %01

V(@) = [ZAsin(aIi)]_z+_[ZAcoswi)]2 < ooms (16)
[Z App Sin(@tpy; )J + lz Appj COSElpp )]

where Ay, andty, describe the input shaper corresponding to the
bang-bang and are given by

Ay :|:l -2 l:| (17)

boj | [ 2 13
A lot of shaped inputs will be resulted by using thbove
three constraints. The fourth constraint is thegtlenof pulses
duration. Three cases are selected due to thespdisation of
the roll and yaw torque inputs. These three casedisted in

Table 3. In these selected inputs, each input basitasimilar
duration length in fuelling pulses.

Table 3: Time location of impulses for shaping tivgjue inputs

Pulsesduration | t1(s) | t2(9) t3(9) t4 (9
Casel| Roll,1.2-13s 0 1.20446.834 | 48.074
Yaw, 1.1-1.2 s 0 1.15%2 28.112| 29.302
Case2| Roll,1.9-2.1s 0 1.904 28.104 30.214
Yaw, 2.7-2.8 s 0 2.782 9.372 12.152
Case 3| Roll, 4.2-4.3 ¢ 0 4.28¢ | 9.36¢ | 13.58¢
Yaw, 2.+-2.8 ¢ 0 2.782 | 9.37: | 12.15:

ts (S) ts (S) t; (S) ts (S)

Case 1| 48.074 | 49.314 | 94.944| 96.148
29.302| 30.492| 57.452] 58.604
Case 2| 30.214 32.324 58.524 60.428
12.152 | 14.932] 21.522 24.304
Case 3| 13584 17.804 22.884 27.168
12.152 | 14.932] 21.522 24.304

50 SIMULATION OF FLEXIBLE SATELLITE
ATTITUDE MANEUVERS USING FUEL-
EFFICIENT INPUT SHAPER

The simulation results of Cases 1, 2 and 3 are shiowigs. 6, 7
and 8, respectively. We can see in Figs. 6(a), &(a) 8(a) that
under the application of shaped inputs, the atitadgles of the
satellite can be brought to zero degree succegdfulbll cases.
The residual oscillation of attitude anglecat 0.3354 rad/s can
be removed, but another oscillations at highernahfuequencies
may occur. However, oscillation suppression at oftezgjuencies
is not designated in this paper. The paper focasebe transient
deflections of the flexible solar panels.
Case 1, where the lengths of pulses duration inarad yaw
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are input within 1.1 — 1.3 s, results 0.16 m maximieflection of
solar panel tip, i.e. node 27, during the maneywarcess as
shown in Fig. 6. This deflection is only 11% of theady-state
vibration amplitude after maneuver under the baaggbtorque
inputs. Compared with solar panel's length of 12 this

deflection is about 1.3%. In this case, the fugllituration for roll

is 4.888 s, while the fuelling duration for yaw #4684 s.

Compared to the 21.528-s and 16.444-s lengths Ibaml yaw
fuelling durations of bang-bang inputs, respecyivétese inputs
consume fuel of 25.2% only. The attitude maneuventibn in

this case is about 4.5 times of the bang-bang one.
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— yaw

attitude angle (deg)

60
time (s)
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vertical displacement of node 27 (m)
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0 20 40 60 80 100 120
time (s)
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Figure 6: Time responses of Case 1: (a) attitudgeanf the main
body, and (b) local vertical displacement of node 2

The application of 1.9 — 2.8 s lengths, or aboutévof Case
1, of pulses duration in the torque inputs will uleslarger
maximum deflection of node 27 during the transtesponse. We
can see in Case 2 that the maximum deflection efribde 27
becomes 0.28 m at abott= 6 s as shown in Fig. 7. This
deflection is about 2.3% of the solar panel’s langm this case,
the fuelling duration for roll is 8.028 s, whileetlfuelling duration
for yaw is 11.124 s. The total length of fuellingrdtions of roll
and yaw inputs is 50.4%, while the maneuver dumaisabout
1.6 times of the bang-bang ones.
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Figure 7: Time responses of Case 2; (a) attitudgeanf the main
body, and (b) local vertical displacement of node 2
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Figure 8: Time responses of Case 3: (a) attitudgeasf the main
body, and (b) local vertical displacement of node 2

When the 2.7 — 4.3 s lengths of pulses duratioapout three
times of those used in Case 1, are applied, theimoax
deflection of node 27 during the transient respohseomes
larger than the resulted one in Case 2. We carinsEgg. 8 that
the maximum deflection of the node 27 becomes h49hich
happens at aboti= 7 s. This deflection is about 4.1% of the solar
panel’s length. The fuelling durations for roll ayaw are 17.008
s and 11.124 s, respectively. The maneuver duraiabout 1.3
times, while the total length of roll and yaw fued) durations is
74.1% of the bang-bang ones.

6.0 CONCLUSION

Attitude maneuver of the flexible satellite indutles vibration of
flexible members as well as the main body osadtatiUsing the
bang-bang input, the flexible satellite has podituate accuracy
after slew maneuver. For desired angle displacesrai° in roll
and 2°in yaw only, the satellite studied in théper has 3.7° and
1.3° residual roll and yaw angle oscillations, extjvely, and
results 1.46-m amplitude of steady-state vibratibthe tip of 12-
m solar panel's length.

Shaped inputs show their capability to reduce stesate
oscillation and vibration after the maneuvers glighFor the
shaped inputs, eight impulses in fuel-efficienteypare utilized
here with the fourth and fifth impulses are at Haene location.
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For the maneuver duration less than 100 s simulatéde paper
using about similar duration length of fuelling gpes, the
maximum amplitudes of solar panel's tip deflectibecome
smaller than 0.5 m. The longer the fuelling durafiengths in the
inputs, the larger the maximum deflection of thp during
maneuver’s transient response will be.
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